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POTENTIALS FOR FUEL CELLS IN REFINERIES AND CHLOR-ALI(ALIPLANTS

John H. Altseinnr and Fred Roach
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

‘he market potentials for fuel cell cogenera-
tlon systems in petroleum refineries and chlor-
alkali plants were evaluated. Costs of the total
energy consumed (power PIUS steam) were calculated
and compared with those for more conventional
cogeneration systems. Questionnaires were sent to
major plants in both industries to determine tachni-
cal ~equirements and data required for the
assessnmt of the market potenttal.

The most promising application appears to be in
chlor-alkalf plants where the production process is
electricity intensive. Future anticipated changes
in the production process ar? favorable to the use
of fuel cells. Th@ energy use in refineries {s
steam intensive with the required steam pressures
~angfng from approximately 15 to 650 psig. The
near-term use of fuel ceil coqeneration in
refineries fs not as attractive as in chlor-alkali
plants. The phosphoric acid fuel cell fs the most
developed and the most cost competitive, but lts use
is limited by its be{ng able to produce only low-
pressure st#am. Over the longer teim, the molten
carbonate and t’?e solid oxide fuel cell, both of
which operate at significantly higher temperatures,
are technically very attractive. However, they do
not appear to be cost competitive with conventional
systems.

[, INTRODUCTION

Under the sponsorship of the Department of Energy
(DOE) Advanced Enerqy Conversion Pfoqram Officc, Los
Alamos Natfoncl Laboratory hms been an~lyzinq And
assesslnq potential applications of Fuel cells in
the period 1990 to 2000. [n FV83, Los Alamos com-

\
pleted .s 1 Cerature review of fuel cell
applications and one of the conclusions ‘WCSthat
attractive applications for fuel *G1ls may be For
industrial cogeneration. subsequently, the use of
Fuel cells For cogener.stion in the chlor-alkall fn-
dustry and in petroleum rafinerics were studfed.A
10S Alamos2report on the chlop-alkali study has been
published and a report on petroleum reffnery ap-
pl{catfon$ wtll be oublished in the near Future.

In 19B3, a nonprofit coworatlon was formed that is
called the [ndu$trfal fuel Cell Association (IFCA),
Membership inclurieta broad spectrum of corporations
interested fn utilizinq fuel cell technologies for
thefr en?rgy needs, The IFCA goal is to facilitate
the development of fuel cells by servinq as a
vehicle for better conrmunicatfonbebveen all inter-
ested parttes, by helpinq identify industrial
markets, and oy determining the featur?s needed in
fuel cell $yswms for each application. The IFCA
assfsted in the conduct of the Los t,lamosstudies,

and Joseoh ‘4.Anderson, IFCA Executive Director,
coordinated the IFCA input.

These studies addressed the fOllOWlng WeStiOnS:

. Are there any technical, economic, or institu-

tional impediments?
● 1s this industry promising for the bse of fuel

cells?
● What is the market potential?

To provide answers, the different process require-
ments of the industries were characterized and
energy requirements determined. The competitive
cogeneratlon systems were also characterized. To
assist in the technical char’acterfzations, a ques-
tionnaire was sent to ularlningpersonnel in all of
the major plants in each industry !n the US. The
objective was to determine the present and projected
energy requirements for I?IchDlant and the potential
use of fuel cell systems.

Using a Los Alamos computer code,3 levelized energy
costs were calculated for the different competitive
systems to determine their e~onomic competitiveness.
Other economic factors were also evaluated that
might have a bearinq on t+e choice of a coqeneration
system.

Il. The CHLf)R-ALKALI[N[)USTQY

A, Overview

The chlor-alkall industry in the US Is generally
tied to the resource--underground salt deposits. A
large segment of the industry Is located along the
Gulf Coast in the states of Texas ~nd Loufsfana.
Fig. 1 shows the location of ex{stlng US chlor-
alkall plants, The tndustry iS eXtremelY
competitive and is characterized by small profit
margfns, Energy costs are often a large portion
(greater than 50% of overall manufacturing costs),
[n Texas and Louisiana, electricity prices are ex=
petted to {nCrease rather substantially over the
next few years as a r~sult of the deregulation of
natural gas and renegotiation of gns COntrIICt$.

Electric utflftfes now enjoy relatively inaxpenslve
gas prices that wer~ neqotfated at a tlma when sup-
pltes were abundant. Natural gas price increases
are more uncertafn.

Demand qrowth for this industry’s products--chlorine
and C.sdsticsoda--has dropped steadily throuqh the
1’?70s as a r*sult of envf$onrnental,toxicoloqtcal,
and end-use chanqe impacts, The production levels
of 1’379are not expected aqain until the early to
mld 1990s,
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Fig. 1. Locatton of Chlor-alkalf plants in the US.

Theri?is intense price competition within the chlor-
alkalf industry and producers strive to achieve th~
lowest manufacturlnq cost>. To reduce mnufacturfn9
costs, producers wfth sufficient investment capital
may install new enerqy-efficfent membrane cell tech-
nology as older electrolytic cells need to be
replaced. Another Important investment option wfll
be to install enerqy efficient cogeneratlon systems
to help lower energy costs. Any gafn in energy ef-
ficiency will translate Into importint Profit gains
{n this very competitive Industry.

Product{on is expected to increase at a rate of
about 32 per year to a level of 12 million tons of
chlqrine per year by the early 1990s (one ~trfc ton
of caustfc fs produced for every short ton of
chlorine). This growth includes the closing of some
noncompetitive Dlants. By the early 1990s, chlor-
alkal{ pl.sntsshould be productnq once again at 90%
capacity.

0, Processes and Steam Requtremants

Chlorine can be obtafned by several chemical tech-
niques, but the one used for larqe-QuantftY
commercial production !s the electrolysis of aqueous
VaCl. The basic processes are

Anode: 2C1- ● C12 + 2e-

C8thode: 2H20 + 2e- ● H2 + 20ti-

ln what are called dfaphraqm cells, the brine flows
continuously f~om the anode to the cathode compart-
ment and the Na in the solutfon combines with the
0}{ Ions. The solution IS radually converted from
aqueous NaCltoaqueous NaOl(cau~t~c soda). The
product 4s relatively dflute and is cont&mfnated
wfth NaC1. By means of chemical treatments, solld
NaCl precipitate-removal techniques, and an evapora-
attve process, the resultant cmthodfc liquor is con-
verted Into comnwcial-qrade cauctlc soda.

The above dlaphraqm cells represent today’s state of
the art. Most of the plants designed in the late
1960s and early 1970s, when most of today’s capacity
was established, used the diaphragm process. The
anodes can be made of graphfte or metallic
materials. The cathodes are made of iron and are
separated from the anodes by asbestos diaphragms.
The flow rate through the diaphr~qm fs c~ntrolled to
m{nlmfze the ri~ffusionof the OH ions away from the
cathode.

Another cell type, called the mercury-cathode cell,
has also been used and actually fs still being used
in a number of small plants around t~e country. The
cathode consfsts of an inclined trough of mfld steel
down which mercury flows. Gaseo~s chlorfne {s
produced at the ~node and the ha at the cathode
amalgamates wftn the mercury. The sodfum-amalqam
flows or {s pumped to a separate decomposition
vessel, Here the amalgam is mixed with water fn the
presence of graphite acttnq as a depolarizer+, The
qalvantc rea-ctionthat occurs r?sults in Na , Hq,

‘1’
and OH befng producsrl. Final products are

a ueous NaOH (very pure and at a hfgh -5Q%
concentration), Hg (almost free of Na), and 1:2. The
119Is recovered and recirculated.

The major problems w{th the mercury-cathode cells
are economfc and environmental, The latter problem
1s caused by ,,h!rcurylosses, 1s especially severe,
and 1s cau$fnq mercu~y-cathode cells to be phased
out of the industry.

A thfrd cell technology i~ now being incorporated In
new installations, Instead of a porous diaphraqm
separation of the elec~r’)dss,a Permtonic membrane
1$ used that only Na ions can pass throuqh. The
resultfnq product at tha cathode 1s gaseous H and a

?high (“35S) concentration of NaOH, Evaporato s u~ed
to concentrate tho 35S NaOH $olutfon only r~qulre
steam at 50 to 100 pslg {nstead of up to the 250
psfg used fn dtaphragm plants. The presenco of NaCl
fn the NaOH solutfon Is negl~gfble.

7 IF



Because the brine in the anode side of the membrane
cell is being continually diluted, it needs to be
resaturated. To do this requires a supply of solid
NaCl or, In ninnycases, the dilute brine is recycled
ffltOunderground salt deposits. The above need for
saturated brine is causing some plants to use the
precipitated NaCl by-product of diaDhragm plants to
feed membrane cell systems. The membrane cells are
therefore being added in increments to diaphragm
plants rather than being installed in large full-
scale membrane plants . This is making the shift to
membrane cells a relatively gradual process.

The chlorine/caustic (chlor-alkali) industry is a
very l,!rgeuser of both electricity and steam in the
us. Tyoically the industry has produced 10 million
short ‘:onsof chlorine and 11 million short tons of

caustic soda per year, and some
12

7,000 megawatt-
hourj of electricity and 80 x 10 Btu’s of thermal
energy were used. Energy use has decreased sig-
nificantly over the past 15 years, and as the
industry moves from the diaohraqm to membrane tech-
nology, further drops can be expect&d.

C. The Chlor-Alkali Industry Questionnaire

no viable alternative and would just have to maxi-
mize their use of hydrogen.

c. Steam Oemands - An indication of the
average total steam demand per plant is given below:
(1) less than 100,000 lb/h 37%; (2) 100 to 150,000
lb/h 26% (3) 250 to 500,000 lb/h 26%; and (4) 500 to
1,000,000 lb/h 11%.

The required steam pressures are: (1) less than 50
psig 14%; (2) 50 to 99 psig 21Z; (3) 100 to 199
psig O%; (4) 150 to 199 psig 29%; and (5) 200 to 250
psig 36%.

d. Importance of Energy Costs Unless a chlor-
alkali producer has ~ccess to inexpensive
hydroelectric power, their energy costs are more
than half of their total manufacturing costs.
Eleven percent indicated costs greater than 60%.

e. Present Enerqy Sources - Most of the rjlants

(63%! indicated that they purchase electricity from
a public utility and produce their steam with a con-
ventional boiler. (he larger plants are instilling

gas turbine combir,ed cycle syste!ns.

1. Introduction - “ihe IFCA has assisted Los f. Fuel Cell System Requirements - All the
Alamos by develoDinq a Questionnaire that was sent respo~ cate that they decided to in-
to chlor:alkali plants.’ The questions were selected
to provide answers in the following areas of
interest:
. Likely size of fuel cell installations
● probable size of the market
● Characteristics of the processing SyStefIISused
● Steam requirements
● [institutionalfactors that could encourage fuel

cell use

Questionnaires were sent to companies operatinq 45
separate chlor-alkali plants, .snd replies were
received from 19 of these Dlants. The replies cover
somewhat over 50% of totil IJSchlor-alkali produc-
tion tocay. A summary of the responses is given
below.

2. Summary of Res onses
a. Electric * The average power-to-

heat ratio for chlor-alk ali plants is hiqh and
aPpears to be Increasing as new technology Is
installed. The respondents showed that their
Pr?sent electrical demand per plant is distributed
as follows: (1) less than 50 MU - 58%; (2) 50 to
100 MM - 21%; (3) 100 to 200 MU - 21%; (4) 200 to
400 MU - OX; and (5) 400 to 800 MW - 0%. [Note:
The total connected demand in the U.S. {s ap-
proximately 3700 MWe.]

b. Fuels useo - Maly plants ?,lreadyuse the
by-product hydrogen as a fuel today, and more indi-
cate that they would increase hydrogen use if fuel
prices increase. Thus, for many chlorine producers,
their by-product is valued at its fuel value. Many
of the plants usa two or more fuels. The fuels and
the percent of respondents using each fuel are: (1)
natural qas 95%; (2) fuel oil 42%; (3) coal 5$; find
(4) hydrogen 37%.
If the plants had to switch fuels, 47g would switch
to coal, 262 to fuel oil and 27% felt that they had

stall fuel cell systems, the first units would have
capacities less than 10 ‘We. Thereafter, individual
fuel cell installations will be divided about
equally between units of less than 10 MW and those
in the 10- to 25-MW capacity range.

Yost chlor-alkali producers would use fuel cells as
a supplementary direct-current power sourc? for
their chlorine circuits. Thus, the fuel cell sys-
tems should be designed to supply high amperage
direct current electricity at 1,000 volts or less,

~ Potenti~l Market - The respondents
oredicted~h%~-&-~h=~a~~ fuel cell capacity
in their olants could reach 24X to 413%of exis?.fna
electrical’deman~. This #ould translate into 900 t;
1,500 MW for th? entire chlor-alkali industry as it
exists toddy.

. Candidate Cogeneration SystemsD

Four fuel cell tt?chnoloqieswere considered as can-
didates for this application--the phosphoric acid
fue? cell (PAFC), the Occidental Chemical
Corporation (OXY) alkaline or acid fuel cell, the
molten carbonate fuel cell (MCFC), and the sclid
oxide fuel cell (SOFC), rhe PAFC was selected be-
cause it is now well alonq in its d?velopme!lt as a
utility power generator and could be available for
use in the 1990s.

The MCFC and the SOFC both operate at rf?lativ$ly
high ih!mperatures--1,100 to 1,300 F and 1,800 F,
respectively and have the potenti~l to satisfy mny
mor~ process heat requirements than does the PAF’,.
However, both of these types are not as well
developed as is the PAFC. Better cost estimates
were available for the MCFC than for the SOFC;
the-efore the MCFC was selected to reDresent both of
these high-temperature-type cells.
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The OXY fuel cell {S not a true cogenerator but has
been Included becauss It my be the first fuel cell
system Installed by the chlor-alkall industry.
Also, Occidental Chemical’s predictions for the
basic stsck costs are very favorable. The concept
is that the fuel cell would use a by-product
hydrogen stream as Its fuel.

The conventional gas turbine combined cycle (GTCC)
technology was included In the analysis because it
is the most likely system agafnst which the fuel
cells will compete In the coming decade. It is a
mature technology that produces electricity and
steam at very competitive rates and is the technol-
ogy being installed in the chlor-alkali industry
today.

For all four of the above power generating systems
we “normalized” to a 50-meqawatt electrical (MHe)
output. Such an output is very approxt!n.stelyan
average value for US plants. This assumption Is
favorable to the GTCC because its cost has a sig-
nificant scale-effect, the carJital costs becoming
consider~bly less attractive at lower power outputs.
Fuel cell modules are being designed at ap-
proximately 10 MWe and are rruchmore compatible with
the concept of adding small power Increments. This
fact should be considered if a plant Is not inter-
ested in a large power increment because of limited
funds for capltai fnvestnents.

Table I shcws our assumptions for the opera tfng and
performance characteristics of the candidate
cogeneratlon systems. \ssumptlons for a steam
bofler system are also shown because they were used
to estfmate the value of steam in a chlor-alkali
plant,

F Economic Analysts..

Table II provides a summsry of the electrical 3ener-
atlon costs for the “base case” cogenerat{on systems
for a typical plant today with a p/H ratto of 1.14.
AlSO included in ‘Table1[ are the prfncfpal Perfor-
mance and cost assumDtfons used to rierlve the

levelized annual electricity costs. Two different
cost derivations are given: one reflecting a system
where full credit is 9iVen for Steam generation but
no charge is assessed for steam shortfalls and
electricity costs are computed therefrom; and other
that reflects a charge to each SYstem for the steam
shortfalls.

The net generatlnq cost (d/kWh) values presented in
row 2 of Table Ii assume todays average process re-
quirement in the chlor-alkali industry, a P/H of
1.14. If the newer dfaPhragm and tomorrow’s
membrane process technologies and their respective
P/H requirements of 1.52 and 3.86 are assumed, the
net generating costs (d/kWh) for fuel cell cogenera-
tion costs decrease. The following natrlx presents
the net generating costs fn cents pur kilowatt-hour
for t,losecomparisons when steam cnarges are made
for any steam deficiencies. Other assumptions are
the same as listed in Table II. These estimates show
an increasingly favorable comparison of PAFC and OXY
systems to the GTCC as the chlor-alkall technology
improves.

TvDe of Coqeneration System.
id/kWh) -

P/H Requirement ~
1,14 . mm
i.52 5.7 5.6 6.9 10.6
3.86 5.7 5.5 5.8 10.6

Exceot for the conventional system of choice today,
the performance and cost assumptions are based
prtncl~ally on paper studies and educated estimates,
Therefore, the base-case condition for each system
dc not necessarily represent equivalent levels of
accuracy. A more realistic ?conomic comparison ts
presented fn Fig. 2 where net electric generating
costs (d/kWh) are plotted against capital costs
($/kW). 411 base-case performance and cost
parameters, except the caDital cost, are held con-
stant for this particular comparison. The
horizontal lfne at 5.7 d/kWh, the net generating
costs for the GTCC base-llne system, provfdes a
ready benchmark aga{nst which to judge cost com-
petitiveness of other systems.

TAII1[ [

I)PERATINfiAN? P[2FI)2MANCECIIAItACTEiIISTICSASS,JMEIIF(IR
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TABLE 11

BASE-CASE SYSTEM PERFORMANCEANO COST CHARACTERISTICS:
CHLOR-ALLALI INOUSTRY APPLICATION

Chdrmcterfstfcs %Ystem

Gas Turbine phosc~wfc Mol ton Occidental

Levelized Annual ElectrfcltyCosts

(tkUt!)--

!dlthSte.smCharge

capital cost (cc)

($/kU)

o&f4Costa (t of cc)

FIsed

variable

Capital Replacementh (X of CC)

Total OAMC (X of CC)

Smam Creditd (t of CC)

Additional Steam Requirementse

(% of needs)

Overall Cfffctency (S)

Electrical efficiency (t)

Steam fff{ciency (ti

fltuSteam Outpu!/kUh

Btu Input/kHh

Combined
Cycle

5.1

5.7

560

2

5

7

113

0

.55

33

32

?,300

10,460

Acid
F*1 Cell.—

5.5

6.3

51s

9

5

6

20

76

24

75

45

30

2,275

7,585

Carbon&Se
Fuel Cell

10.6

11.6

1,300

4

10

11

ib

61

39

80

53

27

1,745

6,450

.41kallne
ruel Cell

5.2

7.5

25o

14

10

10

35

100

54

54

6,320

Steam Credit or Charqe Value 7,21 7.21 7.21 1 21

aActual f)ercentaqesbased upon best available dati. Ffued variable definitions dependent
~pon source of data.

bCapitsl replacenwnt f+ based uoon present thfnkinq for fuel Cell (SUC~) rePlaCe~nt.

cThfs f:qure was used for purposes of modeling and reflects total annual ~peratfnq
expenses.

‘4S5,JKP3Sa P/!-lof 1.14. The figure reported represents that portion of tnday’s Wical
chlor-alkalf stsam requirements that can im rmt by the cogeneration system In question.

‘See footno@ d above. The percenuqa figure represents add{tfonul steam requ{wnants to
nwc the needs of today’! typfcal chlormslkaliprocels. [tfs this ffqure upon whfch the
steam charqe !s based for cofqsutAttonof the levelfzed annual electrfcftY ~JSts oresen’ed
fn Rw 2.

Several observations can be made about Fig. 2.
First, two different plots have been made for each
of the four coqeneration technoloqles. One assumes
that no additional steam 1s needed or charged tu the
overall system costs (“o” deslqnatfon), The other
plots assume that a steam charge is made to brinq
total output from the cogeneratfon system to the
desfred P/Ii operating requirement of 1.14 for
today’s typical/av@raqe plant operation (“l”
prefix).

Second, one can read the break-even capital costs
directly from the figure itself. For example, the
OXY technology at $320/kU (without steam charge)
provtdes the same levelized annual electricity costs
as the conventional gas-turbine comb{ned-cycle
technology. This can be interpreted as the greatest
cost at which the OXY technology will be favorably
compared to the system of choice today and in the
near future. However, with a staam charge, the OXv
fuel cell break-even capital cost drops to less than
S50/kW.

Third, for cogeneratlon systems much smaller than
the 50-MWe-sized units for whfch base-case condi-
tions were derived, cost/caDftal cost rslatio,lshfps
were not plotted, However, a simplistic comparison
can be envisioned hy assuming a 10-We system where
capital costs for the conventicfial gds turb]ne
combined-cycle technology is priced at $840/kH
(approximately equal to actual qootes today for
sfmilarly sized units), resulting in a generation
cost of 6.9 tikkfh. At this levelized annual
electricity cost, tne break-even capital cost for
the fuel cell technologies also Increases. For ex-
ample, the dollars-per-kilwatt tlqure for the MCFC
(without steam charge) technology increases from
$800 to $910 at this now hiqher electricity cost.
The relative improvements for the PAFC and OXY sYs-
tem aru greater than fur the MCFC.

Fourth, the OXY fuel cell technology will hav~ to
remetor exceed its cost goals if it is to effec-
tively corpete when the value of steam is tiken into

5 15
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Fig. 2. Comparisons of base-case cogeneratton

considf,?ation. For the 10-MWe power level, it ap-
pears that costs at or below $200/”W would be needed
for competitive consideration oi this technology
vis-a-vis the conventional GTCC technology.

F qarket Potential->-

The ma@tet for fuel cell cogeneration systems in the

chlor-alkali industry will break down into four
categories: (1) replacement of cogeneration sys-
tems, (2) installation of fuel cells in plants that
have no existing cogeneration system, (3) installa-
tion of fuel cells as plants expand production
capacity, and (4) installation of fuel cells to
supplement existing power generating systems. Many
plants installed natural gas-fired cogeneration sYs-
tems in the mid-1970s when the entire chlor-alkali
industry underwenta period of capacity expansion.
many of the systems will need to be replaced by the
early 1990s, and fuel cell systems will he one of
the options available at that time.

Ic the second category are plants that choose not to
install conventional cogeneration systems in the
next 8 to 10 years. The conventional systems (for
example, the GTCC) are typically large and, there-
fore, expensive. The number of plants in this
category will be affected by the availability of in-
vestment capital, the rate of increase in
electricity and fuel costs, and the competition from
other energy conservation alternatives

With regard to the third category--unless demand for
chlorine il]creases far more than cul”rently
forecasted, new chlor-alkali plants are not likely
to be built in the early to mid 1990s. Instead,
plants will wnnt tc expand capacity incrementally,
and fuel cells can be installed in membrane cells.
The membrane Wchnology is compatible with the idea
of using the NaCl by-product from the diaphragm
cells, and both types can be used in the same plant.

Also,

technologies (#/klihvs $/kll).

the power-to-heat ratio of membrane cell..
energy requirements is well matched to fuel cells.
The above reasons indicate that these Plants should
be ~n excellent potential market for fuel cells in
the 1990s.

The resu;ts of our industry survey suggest that the
market potential of fuel cells may be greatest in
the last category. Respondents indicated that if
fuel cell systems were installed by their companies,
the first unit would most likely be less than 10
MWe. They further indicated that subsequent UnitS
would be either less than 10 MMe or in the range of
10 to 25 MWe.

The survey responses highlighted other iactors that
could affect the market potential of fuel cells.
qost of the respondents indicated that their steam
requirements are in the 150- to 250-psig range.
Thus, if fuel cells could operate at temperatures
high enuugh to generate 250 psig of steam, they
could achieve a larger technical market potential.
The PAFC can easily meet a 100 psig requirement and
can probably ‘neet the 150 psig also. Two factors
tend to mitigate the severity of the 250 psig
requirement. One is that the newer membrane tech-
nology does not need it. The second is that if fuel
cells are used for supplemental power, then it
should not be difficult to find applications for
both fuel cell low-pressure steam and the conven-
tional high-pressure steam in the same plant.

The price of energy, especially that of purchased
electricity, makes up a large portion of a typical
cblor-alkali plant’s manufacturing (operating) and
total costs. That ~ortion can range to 60% or more.
In a recent article comparing the costs of alterna-
tive process technologies, the assumed price of
el~ctrfcfty f~ 4t/kUh. At this assumed price,
electricity represents anywhere from 49% co 54% of
manufacturing costs and 37$ to 42% of total costs
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(fncludes a charge for capital), depending upon the
technology under investigation. Thus, if less ex-
pensive$alternatives wI1l likely be exercised. Such
a substitution pattern In the chlor-aliali industry
has been observed in the past and continues to be
observed today.

Although the price of electricity is not known for
any specific plant, we have constructed some es-
timates of possible maximum prices paid today and
potential rates of price fncrease for a selected
number of t)lantsin Texas and Louisiana.

Figure 2 presented the net generating costs of the
cogeneratlon technologies at dfffering costs of
capital. If we nm superimpose the current electric
rates a 4.0- to 5.2-d/kHh range paid by Industrial
customers today the competitive position of each
technology can be quickly evaluated. Base-llne
capital costs for the fuel cell technologies result
in net generating costs that exceed these current
electric rates. Haever, relatively small decreases
(10% to 25X) In the OXY or PAFC technology costs
(wlthouta steam charge) do bring them to a posftlon
of economic conpetltlveness. A large decrease wI1l
be necessary for the MCFC technology to enjoy a
slmllar posltlon.

Electric rates are Increasing across the country,
and in some regions, substantially so. For the
states of Texas and Louisiana (approximately 60% of
OS chlur-alkali capacity), a projected 23% increase
(in real terms) in industrial electrical rates was
forecast by DOE for the span of 1983 to 1995. If we
now add this 23% on to today’s current range of
rate<, more favorable results to the fuel cell
Cogel?ration technologies are obtained-- although
the CFC base-line/capftal costs are still
measurably above this projected range.

Several of the major utilities have acknowledged
that consumer electric rates could easily rise 20%
to 25% in their service areas (Texas and Louisiana)
In the next few years and that they could rise an
additional 25% to 50% or more by the mid to late
1990s. If we ddd 1.5f! to 2.Od on top of the 23%
average regfonal price forecast, a better picture of
economic competitiveness emerges. Break-even capi-
tal costs can now be somewhat hfqher for two of the
three fuel cell technologies and yet allow net gen-
erating costs to remafn less than the pdrchased
elsctrlclty price.

These increases in electricity prices, although ab-
solute levels are uncertain, could Improve market
potential for Cogeneratlon technologies in the
future, Fuel cells should compete fairly well with
purchased electricity ‘If increased rates
materialize. Hc4#ever,we have emphasized that these
rates are mst l{kely higher than large {ndustrfal
customers are able to negotiate with utilltles.
Furthermore, In spite of the fuel cells’ attractive
attributes such as modularity and capital costs that
ar@ fairly linear with size of installation, the
GTCC may remsln In a better econom{c position vfs-a-
VIS the fuel cell technologies for many years to
come, simply because it Is a mture technology and
enjoys widespread use {n the chlor-alkalf Industry
today.

111. PETROLEUM REFINERIES

A OverviewA

Major refinery products include gasoline, diesel and
jet fuels, and various grades of heating oils all of
whfch are produced in large quantities. The basic
design of a refinery is generally dictated by the
processes needed to produce the large-quantity
products. However, crude oil consists of a very
large number of hydrocarbons that can be converted
intO many useful products. The US petroleum in.
dustry produces well over 23OO products with 17
different product categories. Such pot~ntialdjver-
sity in plant output results in each refinery being
somewhat dtfferent from any other and also different
in thermal (steam and direct heat) requfre~~ts. In
addition, other factors affect the plant design such
as the purchased power and fuel costs at a plant’s
locatlon, its age and size, and the crude oil avail-
able as feedstock.

The largest fraction of a refinery’s thermal re-
quirement is in the direct heat form. For example,
approximately 60 to 70% of Zhe total can be direct
heat, Direct heat is obtained from by product fuel
gases and oils plus purchased natural gas. The tem-
perature of she direct heat fs In the approximate
750 to 1000 F range.* A quantity of process heat
equal to roughly one-third of the direct heat is em-
bodied in the steam and is used for a variety of
purposes. Steam is a convenient heat-transport
medium and is also a necessary reactant in soresof
the chemical processes. Steam pressures range from
appruxlmately 15 to 650 psig and even up to 1500
psig. The latter high pressure is not necessary for

the processes but is sometimes used to generate
Dower with back-pressure turbines, with the back
pressures being about 600 to 700 psig.

Relative to the energy used for direct heat and
steam, the energy used for electric power generation
is low. For example, previous studies showed that
the average power-to>steam heat ratio in US
refineries is about 0.13. If both steam and direct
heat fs included, the power-to-heat ratio is only
approximately 0.03,**

The 1985 annual reffnery survey co~fled by the Oil
and Gas Journal llsts 191 refineries fn the Us.
This compares with 274, #<fl and 220 in 1982, 1983.
and 1984, respectively. Recent decreases in
crude ofl prices and increasing overseas competition
are creating economic difficulties for US refineries
and many small refineries have shut down. The
largest US refinery is Exxon’s 494,000 barrel per
day Baytown plant In Texas. As of January 1982,
there were 18 plants above 225,000 8bl/0, 38 {n the
100,000 to 225,000 Bbl/O size range, 42 at 50,000 to
100,0008bl/Dand 176 below 50,000Bbl/O. Figure 3

*Temperatures are reported in ‘F as this {s standard
{ndustry practice.

**The above ratios are based on the use of 3413
lltu/kWh and not the 10,000 to 11,000 Btu/kWh which
would have to be used ff the power were generated
internally,
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Fig. 3. Reffnery locations and percent U.S. capacity as of Jlnuary 1, 1985.

shows the approximate locations and existing
capacities of refineries in the US.

B. Processes and Steam Requirements

Highly detailed discl.lssionsof the major refinery
processes are given in Refs, 7 and 12. A large in-
tegrated refinery may incorporate most of these
processes but not necessarily all. No atteo,ptwi~l
be made in this short paper to describe the
processes in detail,

Steam requirements vary from plant to plant for a
given process. Reasons for this divergence can in-
clude (1) process efficiency improvements, (2) old
vs new plants, (3) internal processing differences
to produce the same product, (4) possible plant
capacity differences, (5) process emphasis on a dif-
ferent product but using the basic process
nomenclature, and (6) combinations of the previous
reasons, A similar situation is observed for the
fuel and electricity requirements for the various
refining processes. ‘Jnderthese circumstances, an
energy description for a “typical” refinery becomes
a difficult task. nevertheless, a model refinery
was constructed and energy requirements determined,
This was done in collaboration with Mr. J.M.
Anderson, Executfve Director of IFCA.

The selected capacity of the above mentioned model
refiner:yis 150,000 Bbl/D, consisting of 100,000 Bbl
of West Texas Intermediate (sweet) crude a,ld 50,000
Bbl of Alaskan North Slope (sour) crude. This is
about the ratio of sweet to sour crudes that
refineries are being built to handle today, The
150,000 Bbl/D capacity is large enough to allow all
the needed processing units to be installed in an
economically efficient size and 1s the size refinery
expected to compete in future fuels markets.

Figure 4 is a block flow diagram of this refinery.
It contains the processing units to produce the
higher valued products demanded by the American
market: unleaded gasoline, jet fuel, domestic heat-
ing oil, and LPG. Petroleum coke and sulfur are
produced as by-products. The capacity of each
processing unit !s shown in its respective block.
Table III provides the throughput data and product
output for the facility. Table IV shows the steam
balance for the refinery. The steam consumption
are generally lower than those reported by the 24
actual refineries responding to the questionnaires
(Sec. 111.c). Four reasons may partially account
for this difference. The units in the model are all
designed for energy efficiencies commensurate with
present day fuel costs, which would lower steam con-
sumption by 10 to 20% over older refineries.
Secondly, all the units in the model are sized to
exac:ly match; there is no excess capacity in any
part of the refinery operating inefficiently. All
actual refineries have been added to over the years,
and there are inevitable mismatches in unit
capacities. T,lird”,y,the model refinery numbers are
for full oper.st!ng rate on a crude slate that ex-
actly matches its design. This never occurs in real
life. Lastly, the mechanical drive turbines are
designed to be full condensing. if they had been
designed to operate as oack pressure units, exhaust-
ing at 150 psig, the required 600 psig steam would
be twice that shown in the model.

This plant requ+res 50 MWe of electric power which
is the actual consumption at 100% capacity, giving a
value of 8 kWh/Bbl of crude. Total connected load
is probably a third higner, or around 65 MW. The
prhverrequirement and the high pressure steam re-
quirement will vary inversely from one refinery to
another, depending on how many turbine drives they
use on their centrifugal compressors and large
pumps. The trend is toward large electric motor
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TABLE III

REFINERY THROUGHPUTOATA

West Texas intermediatecrude (sweet)
Alaskan North SlOPe crude (sour)

MBbl/D

Gasolfne (87 AKI clear) 91
Turbine fuel (jet fuel) 15
Distillate fuel (#2 fuel oil) 30
Heavy Fuel (#6 fuel oil) 1
LPG - 6
Coke 920 TPO

Total Liquid Recovery m
95.72 of Feed

drives, because they are more efficient than turbtne
drives.

Fuel consumed
Fuel equivalent of power
Totil inergy Consumption

YBtu/9bl

consumed
#

By way of comparison, the average energy consumption
of US refineries in 1983 was 580 MBtu/13bl.

co The Petroleum Refinery Questionnaire

10 Introduction - The IFCA has assisted Los
Alamos in is project by collecting data on the
energy consumption in refineries, the characteris-
tics of the steam supply system, and the possible
sources of fuel for the fuel cells. The Association
has also provided consulting help on the interpreta-
tion?of the data collected.

Over the period of April through September 1985, the
IFCA sent out a questionnaire to the major refiners
as part OF its data collection efforts, and received
replies on 24 specific refineries ranging in size

From a fuel-balance analysis for this refinery, it from 26-50 Mbbl/D to above 3(JOMbbl/D. Recause the
was es’cimated that the fuel consumption is 479 answers were received from refiners who are main-
MMBtu/MBbl crude. This is typical of a fully in-
t.~qrated refinery designed to handle some sour
crudes, and to produce the higher valued products
dem?nded by the American market. A simple fuels

)line, and #6 fuel oilrefinery produc{ng less gas
instead of coke would probab”
MMBtu/MBbl crude.

The total energy consumption
of the model refinery is:

y consume around 380

on a per barrel basis)

taining their competitive posture, the replies
should be typical of current refinery operations.
In additfo~ to this, the Association and Los Alamos
jointly interviewed five major refining companies
who operate a total of 28 refineries. The remarks
of these refining experts helped greatly in iden-
tifying the trends in the industry and the reasons
for the range of answers to SO~ of the items in the
quastionnafrh. A summary of the responses to the
qUOStiOnnaiPe is given bplow.
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TABLE IV

REFINERY STEM BALANCE
(loOO lb/h)

600psiq Steam 150 Psiq Steam
lJnit ?rofl 1] d Vet Prod Vet_i. _-= —

Crude distillation
Vacuum distillation
Delayed cokinq
Reformiqg (process)
Fleforminq[mechanical) 30 (30)
Catalytic Crackinq (process)
Catalytic cracking (mechanical) 156 (1S6)
41kylation (proCeSS)
Alkylation (nechitniCal) a2 (a2)
Hydrocrackinq
Oistillat.streatinq
Gasoil treatinq
julfur recoverv
Product, qasoil blending
SutJtot.ils

General plant
Power house

Total Ccnsumotion
Total Consumption,

2. Summery of responses

a. Electric demands - The total electrical
deman~per refinery ranged from less than 10 MHe to
between 100 and 200 M14ewith 29% at 11 to 25 MWe and
36% at51 to 100MWe. An average electrical demand
of 10.8 kilh/bbl of caDaclty was indicated. The
answers probably reflect peak demand, therefore the
actual electrical consumption per barrel 1s probably
slightly less than this value. However, one modern
refinery reported an electrical consumption of 12.3
kWh.bbl. Purchased electricity represented 1O-2O%
of the operating cost for 28% of the refineries.
The rest said that it was less trian10%.

There appears to be a strong interest in Sellfn9 ex-
cess power. All respondents said that if they could
generate more power than they could consume then
they would sell the excess to the local utility.

b. Steam demands and supplies -The respon-
dents all indicated three levels of steam pressure
were distributed fn their refineries. The following
data are typical of the system reported:

Pressure Consumption
Stedm System -EL lb/bbl

362

Low Pressure 25 26
Medium Pressure 150
High Pressure 600 1;;

of the respondents indicated that they could use
more medium p“ressure steam from a phosphoric acid
fuel cell system if that system could meet the 125-
150 psig pressure needed. The steam requirement in
these refineries averaged 215 Mlb/h.

A?l respondents indicated that they could use 600
psig steam froma melton carbonate or solid oxide
fuel C?ll installation. This requirement averaged
450 Mlb/h.

36)

(135)

(0)
(2)
$9

(5d)

(r13)

(45)

[25)

(10)
4

&+&=&t
30

7
11

01

21

4

-1-n

17

15

1
11

43

(25)

3

[18)

(20)
(10)

Many of the refinery processes require direct heat-
ing at high temperatures, e.g. 700 to 1000 F. Some
of this heat is recoverable and can be used to gen-
erate steam useful for lower temperature processes
and in turbines to dri~e machinery and to generate
electric power. Additional power and energy sources
are needed and some refineries have more than one
type of alternative source in operation. The dif-
ferent types that are now being used are ‘Zsbulated
below and fuel cells, if used, would have to be com-
petitive with these types. Sources of refinery
energy today include: (1) Purchased electt”lcityand
a boiler, 50%; (2) Combined cycle system, 46%; (3)
Coke- or coal-ffred boiler and turbogenerator, 17%;
aid (4) Oil- or gas-fired boiler and turbogenerator,
13%. [Responses total more than 100% due to more
than one energy source tifthin a refinery. ] The
cogeneration concept is sildelyused with 54% of the
refineries using cogeneration systems to pr~duce
steam and part of the electricity they require.

Available fuels - Most refineries buy extra

fue?,’~ut the amount varies from none, up to 35z of
the refinery’s total requirements. There appeared
to be no correlation between the % of purchased fuel
and the size of the refinery.

Hhen asked bout gasoline reformer off-gas, 38% have
off-gas available. Amounts range from 1 to 50
MPiCF/D. 21% have off-gas in anmnts ranging from 8
to 50 MMCF/D, and averaging 25 !4MCF/D. Percent H
varied from 30-90% and the typical hydrogen conten $
was Eul:. Those who have this off-gas available,
value it at 100% of natural gas fuel value. Those
who had no excess off-gas valued it typically at
150% of natural gas.

With regard to tne hydrotreatir off-gas, 46% of the
respondents have hydrotreater gas available.
Hydrogen content varies from 30-80%, with 56%
average H content. Thi~ steam was valued at 100-
130% of n~tural gas fuel value, wfth most indicating
100% of Inaturalgas. Amount of off-gas available
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TABLE VI

BA5E-CASESYSTEMPERFORMANCEMO COST CHARACTERISTICS:
PETROLEM REFINERY APPLICATIW

Ges imbtme ~S Turbine Phosphoric Acid %OSphWi C hcid Moltw
(.-ined Cycle C-lned Cycle Fuel Cell Fuel Cell Carbonste

(1) (2) (1) (2) Fuel Cell

4.5 5.1 5.3 5.1 9.9

560 560 515 515 1300

2
5

---

7

00

45

35

2655

1935

4.BO

2
5

---

1

75

35

40

3900

9750

4.80

9
5

6

20

80

42

M

3090

8125

4.80

9
5

6

.20

75

45

30

2275

75B5

4.BO

4
10

11

24

)5

52

23

1510

6565

4.80

‘Actual percentages bssd upon best●wallabled.sts.Ffxed and varitble definitions dependent upon soorce of data.

b
Capital rephceunt is based upon present thi )klny for fuel c.. 11 (s Lack) replacement.

%kfs fl~ *S used for pwposes of adelinq and reflects total annual operatinq ●xpenses.

solid oxide
Fuel Cell

9.6

1300

1:

11

24

75

54

21

1325

6320

4-80

coke
Fluidized
Bed Boller

7.3

500

4
8

4

16

B5

5

80

55 070d

68 260d

4.80

%hese salues ●re really misleading due so the -U@ of cq.taticm and the smsll quantity of electricity generated with respect to total
Sb?am .altput●nd fuel inputs.
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varied from 2-25 MMCF/D, with 29$ of the respondents
Indicating they had 10 MMCF/D or more available.

Typically the refineries needed more hydrogen than
ttieyhad available In high concentration streams and
21% had a steam-methane reformer for additional
hydrogen. Available hydrogen from this source
ranged from 10-100 MMCF/0, with most reportfng 25
MMCF/D or more. Hydrogen content was 952 or better.
This steam was valued at 140-170% of natural gas
dollar value with 150% being typical.

When asked if there we~e any sources of CO and H,
mixtures (such as excess capacity tn a steam-methane
reformer, or a coke yastfler) that might be used In
MCFC or SOFCS, 42 had a low Btu gas steam avaflable,
containing 10% H and 20% CO. Thfs was valued at

$110% of natu al gas. 20 MMCF/O of gas was
available.

d. Potential mdrket for fuel cells -
Considering that YKl_ ~en systems are ~dularm th?

respondents estimated that the initial facility
would probably be no larger than 5 MW, $ubsequent
units would probably be in the 6-20 MW range, with
only 22% as small as 5 NW. Tbe respondents also es-
timated that fuel cells could make significant
inroads as an energy source by the year 2000,
depending on the level of savings such systems could
offer, The estlmstes are based on a total Industry
electrical capacity of about 4000 MWe: (1) 502
lower energy costs, 3280; 30% lower energy costs,
2080; and (3) 10% lower energy costs, 320.

& Candidate Cogeneration System

In addit{on to the three fuel cell technologies corl-
sidered for petroleum refinery applications, the gas
turbine combined cycle ([TCC), and coke fluidfzed
bed boilefl(CFRB! options were included in the over-
all analysis. The three fuel cell technologies were
basically equivalent fn design to 3 of the 4 con-
sidered for chlor-alkali application: phosphoric
acid (PAFC), molten carbonate (MCFC), and solid
oxide (SOFC). The conventional GTCC technology was
fncluded fn the analysts because it is the most
likely competitive cogeneration system fn the coming
decade. The CFBB cogener~tfon technology was in-
cluded because several refineries hava plans to
fnstill this systim fn the near future to make use
of avaflable coke fuel or refinery product,

For all but the CFB8 cogen~ration technologies, we
“normalized” to a 50,000 lb/hr steam output. A
300,000 lb/hr steam output was selectid for the CFBB
based on current prototypes. Electrical generation
capacities from each cogene! ation technology were
based on typical design characterist~cs of each,
Table V shws our assumptior,sfor the operating and
performance characteristics of the candtdate
Cogeneration systems. Assumptions for a steam
boiler are also shown because they were used to es-
t{mte the value of steam fn a petroleum refinery,

E. Economic Analysts

Tablo VI provfdes a sumrmry of the electrical qmtr-
ation costs for the “base case” cogeneration systems
for a typical reffnery today. Also tncluded in

Table VI are the principal performance and cost as-
sumptions used to derive the levelized annual
electricity costs.

Except for possibly the conventional system of
choice today, the performance and cost assumptions
are based principally on paper stud’os and educated
estimates (as was also true for the chlor-alkali
industry). Therefore, the base-case conciitions for
eizch system do not necessarily represent equivalent
levels of accuracy. A mnre realistic economic com-
parison is presented in Fig. 5 (similar assumptions
as employed in Fig. 2) where net electric generating
costs (t/kWh) are plotted Against capital costs
(d/kW). The horizontal lines at 4.5 and 5.1#/kWh,
tha net generatin

?
costs for the GTCC base-line

system--8OZ (case 1 and 75% (case 2) overall ef-
ficiencies respectively, provide ready benchmarks
.sgainstwhich b judge cost competitiveness of other
systems.

4s for Fig. 2, one can read break-even capital costs
directly from the figure itself. For example, the
PAFC technology (case 2) at $510/kW and $450/kW
provides the sa~ leveltzed annual electricity costs
as the conventional gas turbine combined cycle tech-
nology, case 2 and case 1, respectively. However,
the MCFC is similarly comparable at $760 and $720
per kilowatt respectively.

We have not plotted the second PAFC casa, case 1,
option for the difference in results is fairly
smell. The case 1 PAFC plot would be approximately
5 percent greater than that for the PAFC case 1 in
Fig. 8, or 5.3#/kWh vs 5.ltkWh at the base case
capital costs of $515/kW. Interpretation of results
along the plots would be similar: at any given
cRpital cost the resultint generating costs would be
approximately 5 percent higher; or, for any given
gener&tion costs the capital costs would hava to be
approximately 5 percent lower to be equivalent to
case 2

The CFBB technology resllltsIn significantly higher
generation COS%S than the fuel cell technologies at
capital costs below $1500/kll. liowever,6ifthe coke
refinery fuel is priced lower ($1.50/10 Btu assump-
tion used in baseline computation) then the plot for
CFBB wI1l fall commensurately. Itmey even be the
case that the coke be-product could be priced at a
value less than zero for its disposal cost# may
exceed its heating value, (G.9. $2.0~10 BtU
equivalency disposed costs lISSS$1,50/1~ Btu fuel
valu~ gives rise to a negstiva $0.50/10 Btu fuel
“charge” in the cost computations.) The CFBB is
also a steam generator, with eloctriclty only a
secondary product.

F. Market Potential

As stated earlier, petroleum refineries in the US
have decreased in both number and capacity during
the past S-8 yaars, Today, there ar~ fewer than 190
operating refineries and additional closings are
likely, Product imports to the US are on the rise;
and world-wide refining capacity continues to in-
crease as more producers enter tha downstream
market, The price of oil has fallen r@cently; the
market mix of products continues to shift away from
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TABLE V

OPERATING AND pERFORMAh:E QiARACTERISTICSASSUMED FOR POMER ANO STfAM
Generating jYSTEMS [N PETROLEUM REFINERIES

PAFC MCFC SOFC GTCC Purchased
System Parameters tase Case CZse Case Power PIUS

1 2 1 2 BoiIer—. ——

Fuel Type N.;. N.G. N,G.* N.G.* N,G. N.G. N,G.

Fue16Heat Input 149X106 167x106 252x106 276x106 161X106 145X106 409xlo~

(10 Btu/hr)
Electrfclty (MHt) 18.3 22.0 18.4 43.7 21,3 14.9

5OX1O3 5OX1OJ 5oxlr33 03
Steam (lb/hr) 5OX1O3 5OX1O’ 50X10’

[Psiq)
3OOX1O

15-125 15-125 125-400 400-600 15-50 125-400 -boo
Efficiencies:

Electrical (X) 42 45 52 ~fi 45 35
Heat Extraction (t) 18 23 21 3!J 4(3 85
Overall (~) an ;: 15 75 80 15 85

N.G. - !t.atura1 Gas
●other fossil fuels can also be used,
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Fig. 5. TLEC tor ref{nery base case systems.

“ligh~s; ” the quality of crude
processed by reffnerlas, on average, Is Iotier today
than fn the past; and proffts and profit margins are
relatively low in contrast to petroleum’s earlier
years and todsy’s industrial averages--all ofwhlch
indicates that even further pressure on US refin{ng
capacity could easfly result in more reductlon~.
New Investment {n plant and equipment, althrough
necessary to upgrade some older refineries and to
increase throuqhputof marketable products (lights),
w{lI be delayed further.

The overall prognosis for petroleum reffnlng tn the
US Is not good. However, expansion of reffnery
capacity In ceruln product catqorles wfll occur as
demand continues to shfft and even as totil capacfty
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decreases, Th{s Incremental capacfty e~pansfon may
offer fuel cells an opportunity because fuel cells
can easfly be Installed In {ncrementad units.

The results of our industry eurvey suggest that the
market potenttal of fuel cells may be greatest a~ a
supplemental energy source to extsting power and
steam generating systems. Respondents indicated
that If fuel cell systems were fnstal led by their
companies, the first unit would b. 4MWe or less.
Subsequent un{ts would also be fairly small, 10 to
20 MHe. Stzing (f fuel cell instillations at these
size increments support the supplment energy market
segment for fuel cell appltcatton In petroleum
refineries.
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The survey responses also highlighted several other
factors that could effect the market potential of
fuel cells. Flr9t, the cost difference between fuel
cell net generating cost and present or conventional
system costs would have to be above the 15 to 20
percent range for large scale purchases. The PAFC
technology could achfeve that goal in the next
decade tf sysQ?m prices are lowered as nuch as some
have forecast or belleve--a factor of 2 or more
separates those capital cost figures today.
However, the PAFC technology will only have a
limited application because of Its relatively IN
steam pressure and temperature operating levels
(although there are signlflca,lt lcw pres~~~o~;~
temperature requirements In a refinery).
because of the hfgher pressure and temperature re-
qulrenmnts of a refinery there was strong Indication
that the MCFC and SOFC technologies would be better
long-term candidates for adoption. Both of these
technologies have received increased attention In
the R&D commnity of late. Third, these two tech-
nologies could potentially make use of a variety of
fuel sources available In the refinery such as off-
gases and coke. The PAFC technology requires
natural gas or hydrogen, a fuel that has gruwn In
value that tar exceeds that of natural gas Itself.

The price of energy, especially that of purchased
electrtcfty, fs Important to the petroleum reffning
Industry (although less than the chlor-alkall
l~dustry). Cogeneratfon is not new to the fndustry,
moreover, generation of excess electricity from
coqeneratlon systems and subsequent sole to
utilftles is taking place today at several
refineries. Ouestlonnalre responses also indicated
a strong wllltngness to consider sales of
electricity to uttlftles froman on site cogenera-
tion s’stem if steam generation costs were
competitive with today’s costs (on a net energy cost
basis).

The price of electricity paid by major petroleum
refineries cannot be known for any given plant.
However, wo have constructed estimates of prices
from publlshed rata structures, Figure 6 portrays
the range of these estfmated pr{ces by s~te. Also
i!!cludedin Fig. 6 fs additton?l Information on the
number of operatfng refineries and thei~ collective
capacfty as of early 1985. States wtth large
capacity and relatively high {ndustrlal electrical
rates would appear to be potentially attractive
markets for fuel cells,

The state of Califofnla, .oulslana, and Texas com-
prfse nearly 60X of US reftning capacity and fn tavo
of the three have relatfv~ly hfgh electric rates.
Electric rates are forecast to dramatically Increase
in the third, and all fat, higher prices {n the fu-
ture duo to new plant expansion comtng on line,
nuclear rate shocks, and higher natural gas prlces--
especlally true for Taxas and Loufslana where much
of existfng electrtc capacity is gas-fired. rexas
and Cal{fornla ar@ cons~dered two of the more sup-
portive statas--soth institutionally and rate
structure wfso--for cogeneration, By examlnfng
agafn Ffg. 5, and considering that electrtcfty
~rfces could eastly be 2 to 3d/kHhhfgher than the
bast-llnt GTCC reference lfnos, then fuel cells
look mor~ promtslng even at htghor capital costs.

.

Hwever, the STCC technology appears to be a dlf-
ffcult cotnpetltor and wtll llkely remfn so for a
number of years.

Iv. SUMMARY

Although there Is much that can be said about fuel
cell application, economic competitiveness, and
market potential fn both the chlor-alkal ’ and
petroleum reffnery industries, the following fef
stetamonts serve to summarize prlncfpal flndfngs and
key conclusions.
A. The Chlor-Alkalf Indu~

●

●

●

●

✎

✎

●

B.

The chlor-alkalf fndustry Is an attractive ap-
plication for fuel cell cogeneratfon systems.

The PAFC appears to be the most promfslng fuel
cell type for this application.

If by-product H is readily available at low cost,
?the OXY fuel ce 1 could supPly supplenmtal power.

The chlor-alkall Industry has many attractive
characteristics that are favorable to fuel cells:

Cogeneratlon fs alresdy used e~tenslvely
Natural gas is primary fuel of chofce (easily
reformed fuel)
By-product H Is cf hfgh quallty and used as fuel
PlantP/H ra{fos of 1.14 to 3.86 are favorable to
fuel cells
Incremental lnstalla~fon of fuel cells matches
planned plant expansions
Hfgh amperage dfrect current requirements matches
output of fuel cells

The GTCC technology w{ll be a dffftcult competitor
well fnto the 1990’s and even fnto the next
century.

The Petroleum Reffnlnq Inudstr~

● The petroleum reffnfng fndustry is OnlY a fr9r-
glnally attractive application for fuel cell
coqeneratfcn systems.

. The M~FC and SOFC appear to be more technically

attractive fuel cell technoloqfes because of their
much higher pressure/temperature reginms.

●

●

✎

✍

●

✎

A lfmfted role {s foreseen for the PAFC due to Its
relatlve lW operatfng pressures and temperatures,

Attractive character~stfcs ot’the petroleum refln-
Ing Industry that are favorable to fuel cells:

Cogeneratfon fs a commonly used concept
There fs @ strong fnterest {n sellfng excess
electrfc power.
$upplemcntal energy supplfes are vlewea
posltfvelyo

However, there are also unfavorable
characteristics:

Plant power-to-heat ratfos aro lw,
H2 for fuel cell use IS not readfly avaflablo.
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Ffg. 6. I’yplcalelectrlc rates, number of plants and refining

Large direct heat requirements exist in most
reffnerle%.

Steam or gas turbines gtve the user a choice of
P/H and steam qualltY. The GTCC technology fs and
wIII remain a very tough competitor for fuel cell
cogeneratlon systems.
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